Abstract: Mutations at three loci in Saccharomyces cerevisiae have been shown to confer increased sensitivity to the antimalarial and antiarrhythmic alkaloid, quinidine. Two of these groups are composed of strains carrying recessive mutations, the other group contains two dominant alleles. The largest complementation group has been designated QDS1, for increased quinidine-sensitivity. Exposure of qdsl cells to lethal concentrations of quinidine results in a novel small-budded terminal morphology in about 70% of the cells in the culture. Strains which carry qdsl alleles share other pleiotropic phenotypes, qdsl mutants are incapable of mating as a but not a cells, due to a defect in a-factor production. Homozygous diploid qdsl strains cannot sporulate. Genetic evidence indicates that QDS1 is allelic to KEX2, a precursor processing protease. Loss of QDS1/KEX2 function results in quinidine sensitivity.
Introduction
Quinidine is one of the primary alkaloids found in the bark of the cinchona. It is used widely as both an antimalarial and antiarrhythmic drug. In the treatment of malaria, quinidine and other quinoline-containing compounds are believed to suppress the growth of parasitic Plasmodium falciparum cells by altering the pH of the acid food vacuoles [1] or by inhibiting the function of a haem polymerase [2] . As an antiarrhythmic, quinidine is believed to function primarily as a K + channel blocker [3] , although it may effect other ion transport functions as well [3, 4] . It has been shown to block several types of K + channels in a number of organisms (for a review see [5] ), including yeast [6] .
In an effort to learn more about the effect of quinidine on cellular physiology, we have isolated yeast mutants that are less tolerant of quinidine in the growth media than wild-type strains. The mutants fall into three complementation groups, one of which is allelic to the KEX2 gene which encodes a Ca2÷-dependent neutral serine protease [7] .
Materials and Methods

Genetic techniques
Yeast strains used in this study are listed in Table 1 . Plasmids YCpKX and pKX-TRPI-s were [8] . Gene disruption was carried out using the protocol of Rothstein [9] . Standard yeast genetic techniques were as described by Sherman et al. [10] . Products of chance matings with qdsl MATa strains were used in complementation and allelism tests. In these cases, diploids were obtained at a frequency of approximately 10 -5.
A strain carrying a null allele of KEX2 was constructed by transforming strain CYX 147-66C with pKX-TRPI-s [11] that had been digested with BamHI. Stable Trp ÷ transformants were analyzed by Southern hybridization and found to contain the expected disruption. Nucleic acid hybridizations were carried out by the method of Southern as described in Maniatis et al. [12] . A 1.4-kb EcoRI fragment that contains the TRP1 gene was used as probe. The glass bead method of Hoffman and Winston [13] was used to purify yeast genomic DNA.
Media
Standard YPD was prepared as described [10] . Quinidine-YPD plates were prepared by adding quinidine hydrochloride from a 50 mM stock to concentrated YPD medium that had cooled to 65°C after autoclaving. Chloroquine and 4-aminopyridine plates were prepared in a similar manner. Cesium chloride was added to growth media prior to autoclaving. Synthetic media was prepared as described [10] .
Isolation of quinidine-sensitive mutants
Strains CYX 28-14B and CYX 118-5C were mutagenized with ethane methylsulfonate (EMS) [14] . Cultures that had been grown in YPD for 2 days were washed twice with 100 mM Na2HPO4, 20% glucose, pH 8.0 and subsequently ~treated with 3% EMS (Eastman Kodak) for 30 rain at a concentration of 108 cells m1-1. Approximately 30% of the cells survived this treatment. After exposure to EMS, cells were spread onto YPD plates. Colonies that arose after 3 days were transferred by replica-plating to 10 mM quinidine-YPD plates and YPD plates as backups. Plates were incubated overnight at 30°C. Colonies that did not grow on the quinidine plates were rescued from the backup plates.
Tests of mating proficiency
Mating was monitored qualitatively by complementation of auxotrophic markers [15] . Phero- 
Results
Isolation of quinidine-sensitive mutants
Wild-type yeast tolerate 10 mM quinidine added to solid YPD medium. From a population of 30 000 colonies that had arisen from mutagenized cells of strain CYX 118-5C, 15 quinidinesensitive strains were found. A single quinidinesensitive isolate was found in approximately 5000 mutagenized colonies of strain CYX 28-14B. In crosses with CYX 28-14B, all but two of the 15 strains arising from CYX 118-5C were found to carry recessive mutations. Analysis of tetrads dissected from these crosses showed that in nine cases the quinidine-sensitive phenotypes segregated 2 s :2 r and were thus due to single mutations in nuclear genes. Strain QS43, which arose from mutagenized CYX 28-14B, was also found to be due to a single recessive nuclear mutation in a cross with CYX 118-5C. The six mutations 223 that did not segregate as single nuclear mutations were not considered further.
Complementation analysis of the recessive mutations revealed two complementation groups (Table 2 ). These were named qdsl and qds2 for increased quinidine-sensitivity. Allelism between members of each complementation group was confirmed by dissecting tetrads from each cross. Recombinant quinidine-resistant spore clones arose in crosses between qdsl and qds2 strains. The mutations in the qds2 complementation group were assigned as alleles since a 4 S : O r segregation pattern was observed in crosses between strains carrying the two mutations, qdsl homozygous diploids did not sporulate. This failure to sporulate was not due to a defect in respiration [16] as the strains grew normally on non-fermentable carbon sources.
The quinidine sensitivity of isolates CYP 239 and CYP 246, which carry dominant mutations, segregated 2s:2 r in crosses with strain CYX 28-14B. Quinidine-sensitive segregants from these crosses were crossed to the original isolates to The products of chance matings between qdsl MATa strains and other strains were used in these studies (see Materials and Methods). Complementation of the QDS3 alleles could not be determined (nd) since these are dominant alleles. b Morphology when incubated on 10 mM quinidine YPD plates except for CYX 118-5C which was incubated on 20 mM quinidine YPD plates. 10 mM quinidine has no effect on morphology of the wild-type. Phase-dark refers to a cellular appearance indicative of cell lysis (see text for details). c +, mating as monitored by complementation of auxotrophic markers [15]; -, no mating. Although all of the isolates were sensitive to 10 mM quinidine, none displayed altered sensitivity to the K + channel blockers cesium (50 and 100 mM) or 4-aminopyridine (500 /~M) when compared to wild-type, qds2 and QDS3 mutants were also sensitive to the antimalarial drug, chloroquine (10 mM), whereas qdsl mutants were not. This may suggest that the nature of the drug sensitivity of qdsl mutants is different from that of the other mutants.
Quinidine-induced morphology of qdsl mutants
The morphology of cells carrying mutant alleles of QDS2 and qds3 when incubated on 10 mM quinidine-YPD plates resembled that of wild-type cells that had been exposed to a lethal concentration (20 mM). In general, the cells were very small and dark under phase-contrast optics, indicating cell lysis (data not shown). All of the qdsl mutants exhibited a novel small-budded morphology when incubated on quinidine-eontaining media. Approximately 70% of the cells in a qdsl population displayed small, bud-like projections at the cell surface (Fig. 1) . In about 10% of the cells, more than one bud-like projection was observed. Additional bud-like projections were observed both immediately adjacent to the original bud-site and at random sites on the cell surface as well. DAPI staining showed that cells with multiple small buds were predominantly mononucleate. In many cases, entire bud-like projbctions, not only the chitin ring, stained intensely with Calcofluor [17] . It is not clear whether the projections represent a defect in bud formation during the cell cycle or a pathological condition of the cell surface.
Mating defect of qdsl mutants
During the genetic analysis of the quinidinesensitive strains, it was found that qdsl mutants had a mating defect, qdsl strains of the a mating type did not mate with a strains. The mating ability of qdsl MATa strains was unaffected (Table 2). The production of a-factor in qdsl mutants was assayed in a halo assay [15] . As shown in Fig. 2B , a strain carrying the qdsl-1 allele does not produce enough a-factor to inhibit the growth of MATa barl cells. Thus it appears that a decrease in the production of a-pheromone is responsible for the sterility in qdsl MATa strains.
QDS1 and KEX2 are allelic
The mating and sporulation defects of qdsl mutants were similar to those of the previously described tupl and kex2 mutants [7, 18, 19] . Because of this, the possibility of allelism with these genes was tested, qdsl was not allelic to tupl since it was not linked to thr4 or MAL2, which are markers near tupl on chromosome !II [20] . TT, x = 27 cM).
A null mutation in KEZ2 failed to complement a mutation in QDS1. A diploid strain produced by a chance mating of CYX 247-7A (qdsl-1) with CYP 384 (kex2A) did not sporulate and was sensitive to quinidine (data not shown). The quinidine-sensitive phenotype of CYX 247-9A
(qdsl-1) was, however, complemented by the wild-type KEZ2 gene. As shown in Fig. 3 , strain CYX 247-9A (qdsl-1) that has been transformed with plasmid YCpKX, which contains the wildtype copy of the KEX2 gene and approximately 1 kb of total flanking DNA [11] , is capable of growth on quinidine-YPD. Taken together, these results indicate that qdsl and kex2 are allelic. In addition, ceils of strain CYP 384 (kex2A) were sensitive to quinidine (Fig. 3) (bar1). The wild-type strain produces a-factor and inhibits the growth of the sensitive barl strain. Strain CYX 247-7A, which contains the qdsl-1 allele, does not inhibit the growth of the bar1 strain and is therefore defective in the production of a-factor.
(data not shown). Since a kex2 null allele is also sensitive to quinidine, the drug-sensitivity of qdsl/kex2 mutants results from loss of gene function.
Discussion
Mutations at three loci have been found to confer quinidine sensitivity upon yeast. It was hoped that the quinidine-sensitive mutations would affect K ÷ channel activity. However, none of the Qds mutations had any effect on K ÷ channel activity when examined by patch clamp analysis (Zhou, X.-L., Gustin, M., Conklin, D., Culbertson, M. and Kung, C., unpublished data).
The complementation group with the largest number of members, QDS1, was allelic to KEX2, which encodes a neutral serine protease which is required for the processing of secreted proteins. These mutants exhibited a quinidine-induced morphology that was not observed in wild-type cells at any concentration of the drug. This suggests that the mechanism of growth inhibition is not simply due to an increase in the effective concentration of the drug and that quinidine may interfere with some morphogenetic process in cells lacking the KEX2 protease. The mating and sporulation phenotypes exhibited by the qdsl strains were indistinguishable from those reported for kex2 mutants ( Fig. 2 ; [7, 18, 21] ). This indicates that the quinidine-sensitive alleles of KEX2 (QDS1) do not represent a novel class of kex2 mutants. Since null alleles of KEX2 are sensitive to the drug (Fig. 3) , it follows that the sensitivity cannot be due to the interaction of the drug with the KEX2 gene product. This excludes a toxic interaction between quinidine and the KEX2 protein.
The most likely explanation for the quinidine sensitivity of kex2 cells is that a protein(s) that is processed by the KEX2 protease confers sensitivity upon cells when it is not processed correctly. At present there are four known KEX2 substrates: K1 killer toxin [7] , prepro a-factor [7] , the HSP150 gene product [22] , and an exoglucanase [23] . K1 killer toxin has been shown to form cation-selective ion channels in yeast membranes in vivo [24] . Of the physiologically relevant ions, K ÷ passes through the channel most easily. It is conceivable that this channel is blocked by quinidine. This cannot account for the drug sensitivity observed in the present study, however, since the strains that were used were kil- [25] . Prepro a-factor is also an unlikely candidate for mediating the quinidine-sensitive phenotype since a MATa / MATa, qdsl / qdsl homozygous diploid, which produces no mating factor, is also sensitive to the drug. Since strain H23, which carries a disruption of the HSP150 gene, displays levels of quinidine resistance similar to that of its parental strain (data not shown), HSP150 is not a likely target for quinidine within cells. The gene that encodes the exoglucanase is not known so that the possibility of its being a target for quinidine could not be tested. Nonetheless, a large number of constitutively expressed, non-hormone proteins appear to be processed by KEX2-1ike proteases in other cell types [26] . It is possible that a similar protein(s), as yet undiscovered in yeast, may interact with quinidine in some way when misprocessed and cause the sensitivity.
